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Recently, much attention has been focused on beams carrying orbital angular momentum (OAM) for radio 
communication. Here we experimentally demonstrate a planar-spiral phase plate (planar-SPP) for 
generating arbitrary mixed OAM beams. This proposed planar-SPP uses the concept of transmit array 
antenna having a perforated substrate to control the outputting phase for generating beams carrying OAM 
with arbitrary modes. As demonstrations, three planar-SPPs with a single OAM mode and two mixed OAM 
modes around 94 GHz have been investigated with design and experiments in this paper, respectively. The 
typical experimental intensity and phase patterns show that the proposed method of generating OAM beams 
really works. 

In nowadays, the rapidly developed modern communication systems face serious challenges of improving 
transmission data- rate due to the limited radio spectrum and polarization even after adopting high density 
coding and channel sharing techniques. Novel techniques need to be developed for utilizing radio spectrum 
with very high efficiency. To this end, the orbital angular momentum (OAM) has recently drawn much attention 
for wireless communications. As been known long before, the electromagnetic waves can carry both linear and 
angular momentums^'^. Angular momentum comprises spin angular momentum (SAM) and orbital angular 
momentum (OAM). The SAM is associated with three possible polarization modes of electromagnetic beams, i.e., 
the left and right circularly polarized modes and linearly polarized mode. These modes can only offer limited 
channels in communication system. On the contrary, the OAM is related to beam vorticity and phase singularity, 
which contains a theoretically unlimited range of possibly achievable eigenstates. Since the eigenstates of OAM 
are mutually orthogonal to each other, they can offer an additional rotational degree of freedom in commun- 
ication, which can be used as new set of communication channels without increasing the frequency bandwidth^. 

The experiment investigated by Allen in 1992 shows that the Laguerre- Gaussian (LG) modes carry an orbital 
angular momentum of Ih per photon, where h is Plank's constant h divided by 2n and / is the OAM mode index^. 
Since then, beams carrying OAM have been successfully employed for widespread applications by lots of 
researchers in many fields such as astrophysics^, optical manipulation^, and quantum information^. Especially, 
a remarkable experiment made by Wang in 2012 shows that a more than ITbps free space data communication 
can be achieved by employing orbital angular momentum multiplexing in optical domain. This proved that OAM 
can be used as a new degree of freedom to improve the spectral efficiency of communication^. 

However, the majority of the researches and applications of OAM are conducted in the domain of optics; only a 
few researches on radio beams with OAM have been reported^'^'^°. Because OAM is a natural physical property 
that can be observed in nature in spite of the frequency, it shows bright prospects in terms of the variety of possible 
applications in radio beams. So it is necessary to investigate OAM generation and detection at radio frequencies. 

Beams carrying OAM can be generated in many ways: antenna array^^'^^, spiral phase plate (SPP)^°'^^, holo- 
graphic plate^°'^^ and inhomogeneous birefringent device called "q-plate"^^. Among them, the spiral phase plate 
(SPP) is one of the common devices generating electromagnetic beams with OAM. In 1996, Turnbull explained 
how the beams carrying OAM arise from the SPP by using a ray optics modeF. The thickness of a typical SPP 
increases in proportion to the azimuthal angle (p around the center of the SPP, and keeps constant in the radial 
derection^^. When the incident plane wave goes through the SPP, the electromagnetic wave will be imprinted on a 
total phase shift of 2nl over the full circle. Recently, Bennis simulated a planar antenna to generate an electro- 
magnetic wave carrying OAM by drilling different number of holes in different sectors to form required 
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outputting phase. The paper only gave the simulated result of single 
OAM mode and no any mixed OAM modes was reported. 

In order to take advantages of the mutually orthogonal eigenstates, 
some researchers have paid attention to the mixed OAM modes. 
Wang used four individual SPPs to generate OAM beams with four 
different OAM modes respectively and designed a non-polarizing 
beam-splitter to achieve the multiplexing of the OAM beams^. And 
antenna array was employed to generate inter-modulated OAM 
modes However, to our knowledge, no single antenna has been 
reported to generate arbitrary mixed OAM modes so far. 

In this paper, we experimentally investigated a series of planar 
OAM antennas to generate arbitrary single-mode and mixed-mode 
OAM waves by introducing a design method which used transmit 
array antenna theory. Mixed-mode OAM antennas for generating 
OAM waves with two superimposed modes and three superimposed 
modes are studied as demonstration, which can be used to achieve 
orbital angular momentum multiplexing by using single antenna. 
Practical electromagnetic wave radiated from an open waveguide is 
adopted as incident radio wave. The proposed antennas adopted air 
holes having different radiuses in the substrate, which can directly 
and conveniently transform the spherical wave to waves with OAM 
in different states, and can be massive manufactured by using low 
cost commercial printed-circuit-board (PCB) technology. It is a 
promising solution to generate OAM waves for future OAM com- 
munication system. 

Results 

Design method of planar-SPP for beams with OAM. As shown in 
Fig. la, we proposed a composite structure including an open- end 
waveguide and a planar-spiral phase plate (planar-SPP) to generate 
OAM radio waves, which functions like a transmit array antenna and 
transforms an incoming phase front into a desired outputting phase 
front^^'^^. The open-end waveguide is adopted to provide an incident 
spherical wave as a primary source, and the proposed planar-SPP is 
placed parallel to the xy-plane, which transforms the incident waves 
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Figure 1 | OAM antenna structure, (a) A side view of an open-end 
waveguide fed planar-SPP device for an OAM beam application, (b) Units 
cell used in the design and the phase of transmission coefficient versus 
holes radius. 



to OAM beams. The planar-SPP is a square plane with a length of D, 
and the distance between the primary source and the planar-SPP is F. 
Planar quasi-period air holes are drilled in the substrate to form the 
proposed planar-SPP, which is used to compensate the phase delay 
associated with incident radio waves from different paths and 
generates the desired outputting phase distribution. 

To simply the analysis, the aperture of the planar-SPP is divided 
into unit square cells with a side length Ax in both x andy direction, 
and fixed number of air holes are drilled in each cell as shown in Fig. 
lb. As the first step of the design, both the incident and the required 
outputting phases of all units need to be analyzed. Then compensated 
phases can be calculated for those units. 

Since the Laguerre-Gaussian (LG) modes can carry an OAM of Ih 
per photon and the phase of the electric vector fields in a plane 
perpendicular to the beam axis has a /(p dependence, where / is the 
OAM mode index and (p is the azimuthal angle^^, the outputting 
phase of the proposed planar-SPP is designed increasingly in pro- 
portion to the azimuthal angle cp around the center of the aperture, 
which can be expressed as: 



outphase{(p) =(pl 



(1) 



Ideally, the incident electromagnetic waves for traditional SPP design 
are required to be plane waves. However, practical primary sources 
such as horn antennas and open- end waveguides can only provide 
spherical wave radiation, especially when they are placed not enough 
far away from the plate antenna. Hence, there are some unequal 
phase-distributions need to be compensated on the incident surface 
of the proposed planar-SPP. The unequal phase distribution can be 
determined by using a geometrical optics approximation^^ under the 
assumption that the spherical wave comes from the phase center of 
the feed: 



inphase{0) = 



2nF 1 - Cos(e) 
~Jo CosiO) 



(2) 



where inphase(d) is the inputting phase of each unit cell, Xq is the 
free-space wavelength of incident spherical wave and F is the distance 
from surface of the planar-SPP to the phase center of the primary 
source. 

To convert the inputting spherical wave into a spiral-type wave 
with different modes, each unit of the planar-SPP transforms the 
inputting phase into the required outputting phase. Then the 
required compensation phase of each unit can be obtained as a func- 
tion of coordinate of the xy-phne: 



phase{9,(p) = outphase{(p) — inphase{0) 



(3) 



We used a quasi-periodical structure shown in Fig. lb to transform 
the incident spherical electromagnetic waves to OAM beams, in 
which the cell structure is made by four drilled air holes in the 
substrate. By changing the radius of the air holes, the local effective 
dielectric constant of the substrate can be adjusted^°'^\ Then the local 
refractive index of the substrate, namely n decided by the local effec- 
tive dielectric constant, can be changed to control the outputting 
phase. The whole substrate with quasi-periodically drilled air hole 
cells can be designed to have desired effective dielectric constant 
distribution with the same thickness. When the incident electromag- 
netic wave goes through the substrate, desired transmitting phase 
shifts are achieved. Hence, OAM waves with arbitrary mixed modes 
can be generated by properly dividing the proposed structure into 
several small parts to implement individual OAM mode. Unlike the 
traditional SPPs which require substrate with varied thickness, the 
proposed planar-SPP can be used to generate arbitrary OAM waves 
without changing the substrate thickness and keeps in a planar form. 

We studied the transmission phase characteristics of the air hole 
drilled cell at the frequency of 94 GHz. The transmission phase 
characteristics of the cell are analyzed by considering a unit cell with 
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Figure 2 | Measurement setup in an anechoic chamber. 

periodic boundary conditions and under a plane wave incidence with 
the aid of a full- electromagnetic- wave simulation software CST 
Microwave studio^^. The Arlon AD600A substrate is used in the 
work, which has a dielectric constant of 6.15 and a thickness of 
6.35 mm. By simply changing the radius of the four air holes, the 
corresponding transmitting phase shift is obtained as a function of 
the radius. As shown in Fig. lb, the desired transmitted phase shift 
can be achieved by using unique radius for the drilled air holes. In 
addition, a phase shifting range exceeding 360 degrees is obtained by 
adjusting the radius of drilled air holes from 0.2 mm to 0.32 mm, 
which is enough to realize the arbitrary required phase distribution 
on the planar-SPP surface. Also, we separate the whole planar-SPP 
into several sub-parts, and each part is designed respectively taking 
the method mentioned before to generate electromagnetic wave with 
a specific OAM mode. In this way, OAM waves with a superposition 
of multiple OAM modes can be obtained by using only one OAM 
antenna conveniently. 

Experiment results. As demonstrations, we designed three OAM 
antennas: generating radio beams with OAM mode of 1=1; 
superimposed mode of / = 2 and / = 4; and superimposed mode 
of / = 1,1 = 2 and / = 4 respectively. All three antennas have the same 



aperture size of D = 45 mm and are divided into 30 X 30 unit cells. 
Each element has a square lattice with a period of 1.5 mm (about 0.47 
wavelengths in free space at 94 GHz). And all of the planar- SPPs are 
illuminated by the same standard W-band rectangular open-end 
waveguide placed 35 mm away from the planar-SPPs. 

The designed prototypes are simulated using CST software and 
fabricated using commercial printed circuit board (PCB) technology, 
and measured in an anechoic chamber. The measurement setup is 
made up of an Agilent PNX Series Network Analyzer 5245 A which is 
equipped with an Agilent millimeter head controller N5161A and 
two OMLWRIO frequency extension modules (75 GHz-110 GHz), 
a W-band standard horn antenna, and a 2-D electronically control- 
lable scanning stander controlled by a computer, as shown in Fig. 2. 

One port of the frequency extension modules is connected to an 
open-end waveguide to illuminate the planar-SPP and the other port 
is connected to a standard horn antenna that fixed on the scanning 
stander to detect the OAM beams. To meet the far-field condition, i.e. 

d = — — , where D is the aperture dimension of the planar-SPP, the 

Aq 

horn antenna is placed 1.3 m away from the planar-SPP. 

A program is developed to control the horn antenna scanning on 
the xy-plane. Then the network analyzer measures the intensity and 
the phase of the radio beams as a function of the coordinates of the 
xy-plane. The 94 GHz OAM beams were sampled on a square area of 
200 X 200 grids with a step of 2.5 mm. The intensity and phase can 
be obtained from the measured transmission scattering parameter at 
each sampled point. Then the transverse density and phase patterns 
on xy -plane are plotted using a Matlab code. 

Using the equation (3), it is easy to obtain the compensated phase 
of each cell for / = 1 mode. And by employing the design curve in Fig. 
lb, the required radius of the air holes in each cell can be obtained. 
The whole structure is simulated using CST Microwave studio soft- 
ware. The simulated 3-D pattern is shown in Fig. 3b and transverse 
intensity pattern of the radio beams is presented in Fig. 3c, which 
shows a typical doughnut- shaped intensity with singularity in the 
center. The proposed OAM antenna shown in Fig. 3a is manufactured 
by using PCB technology. Deploying the experiment setup mentioned 
before, we can obtain both the transverse intensity and phase patterns, 
which are shown in Fig. 3d and e, respectively. The measured intensity 
pattern is quite similar to the simulated one as well as the theoretical 



(a) 








Figure 3 | The simulated and measured results of single mode OAM antenna with state of / = 1. (a) The single mode OAM antenna, (b) Simulated 3-D 
pattern, (c) Simulated transverse intensity pattern, (d) Measured transverse intensity pattern, (e) Measured transverse phase pattern. 
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Figure 4 | The simulated and measured results of two-mixed-mode OAM antenna with states of / = 2 and 4. (a) The two-mixed-mode GAM 
antenna, (b) Simulated 3-D pattern, (c) Simulated transverse intensity pattern, (d) Measured transverse intensity pattern, (e) Measured transverse phase 
pattern. 

result^^'^^. Also, the experimental phase data shows a total In phase is a square area and made up of 20 X 20 cells in the center of the 
change around the centre of the plate as expected. planar-SPP. This part is designed to generate OAM with a state of / = 

For superimposed modes of / = 2 and / = 4, the whole planar-SPP 2. And the outer part is with an annular shape and made up of 500 
is divided into two parts: the inner and the outer parts. The inner part cells. The outer part is designed to generate OAM with a state of / = 4. 
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Figure 5 | The simulated and measured results of three-mixed-mode OAM antenna with states of / = 1, / = 2 and 4. (a) The three-mixed-mode OAM 
antenna, (b) Simulated 3-D pattern, (c) Simulated transverse intensity pattern, (d) Measured transverse intensity pattern, (e) Measured transverse phase 
pattern. 
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Both parts are designed following the equation (3) and then the 
compensated phase of each cell for the two modes can be obtained 
easily. Similarly, the radiuses of the air holes on each element are 
designed using the curve in Fig. lb, as shown in Fig. 4a. The simulated 
3-D intensity pattern is presented in Fig. 4b, and both the simulated 
and the measured transverse intensity patterns of the two-mode- 
antenna are presented in Fig. 4c and d, respectively, where opposite 
crescent- shaped intensity patterns can be found and they agree well 
with theoretical analysis^^. Also, the measured transverse phase pat- 
tern is presented in Fig. 4e. 

The proposed antenna can be designed to generating mixed-mode 
OAM waves with arbitrary number of OAM states. For example, to 
design a OAM antenna having superimposed mode of / = 1, / = 2 
and / = 4, a planar-SPP is designed by using 900 unit cells which is 
divided into three parts: the inner, the middle and the outer parts. 
The inner part is a square and made up of 14 X 14 cells in the center 
of the planar-SPP, which is used to generate OAM with the state of 
1=1. The middle part is with an annular shape and consists 288 cells 
for generating OAM with the state of / = 2. And the outer part is also 
with an annular shape and consists the last 416 cells for generating 
OAM with the state of / = 4. All the three parts are designed following 
the equation (3) and then the compensated phase of each cell for the 
three-mode-antenna can be obtained correspondingly. Again, by 
applying the curve in Fig. lb, the whole structure is finalized, as 
shown in Fig. 5a. The simulated 3-D and the transverse intensity 
patterns of the three-mode-antenna are presented in Fig. 5b and c. 
To our knowledge, it is the first report for generating three-mixed- 
mode OAM waves using single antenna. The proposed structure is 
also been manufactured using PCB technology and measured in the 
anechoic chamber. Measured results are illustrated in Fig. 5d and e, 
respectively. As expectations, well agreements between measured 
and simulated results are found in Fig. 5. 

It can be seen from Figure 3-5 that measured intensity and phase 
maps of single OAM mode antenna and mixed-mode antenna are 
much coincided with the theoretical results. That verifies the pro- 
posed planar- SPPs have a distinct behavior of OAM beams and can 
be used to generate beams carrying OAM with any number of desired 
mixed modes. It shows great prospect in future OAM applications 
such as high speed communication with a narrow radio frequency 
band. 

Discussion 

We have successfully generated electromagnetic beams with OAM of 
different states by proposing a new concept of planar-SPP. The pro- 
posed planar-SPPs employs the concept of transmit array antennas, 
which use phase shifting elements to obtain the required outputting 
phase and convert spherical wave into spiral type wave directly. It is a 
convenient and direct way to generate beams carrying OAM. To our 
knowledge, it is the first work that shows the experimental intensity 
and phase results of beams carrying mixed OAM modes. And this 
work will greatly promote the study and application of OAM in radio 
frequencies. 

Methods 

The electromagnetic waves with arbitrary mixed OAM modes are realized by trans- 
mitting spherical wave through a planar-SPP. The planar-SPP is manufactured by 
drilling air holes on a 6.35-mm Arlon AD600A substrate using PCB technology. 

The measurement setup is based on an Agilent PNX Series Network Analyzer 
5245A, and both phase and magnitude of the electromagnetic waves with arbitrary 
mixed OAM modes can be measured. 
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